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EXECUTIVE SUMMARY
The Irrigation Training and Research Center (ITRC) of Cal Poly State University
conducted a reclamation leaching experiment, in a pistachio orchard south of Huron, CA
during the winter of 2002-2003. The study was conducted to quantify the leaching water
required to remove salts from the effective root zone of trees. This experiment tested a
new reclamation leaching technique – multiple lines of low-flow drip tape were used to
apply water to the area of salinity accumulation along a tree row.
This soil salinity reclamation leaching study was prompted by the results from a separate
salinity accumulation study that was completed by ITRC during the summer of 2002.
The salinity accumulation study examined salinity build-up and salt concentration
patterns on tree crops irrigated with drip and micro-irrigation systems to determine
whether farmers should be concerned about salt accumulation in the root zone. The
findings of the salinity accumulation study indicated that in arid and semi-arid regions the
potential for salt accumulation in the root zone can indeed be a concern for farmers
irrigating tree crops with drip and micro irrigation systems – especially when an orchard
is replanted.
We observed that deep percolation with a standard drip system still leaves significant
amounts of salt in the soil along a tree row. Even though there had been considerable
deep percolation through the root zone prior to leaching, since the trees in the pistachio
orchard were planted the average root zone ECe had increased from 1.1 dS m-1 to
3.6 dS m-1. Likewise, the average soil zone ECe near the tree row had increased from
1.1 dS m-1 to approximately 5.7 dS m-1.
Since the efficiencies of leaching methods are reported as: intermittent ponding >
sprinkler > continuous ponding, for the leaching experiment six lines of closely spaced
low flow drip tape (15 l hr-1 per 100 m), placed along 30 trees in a row (three lines on
each side of the tree row) applied leaching water to the soil area that had salt
accumulation. Leaching water was applied four times – total cumulative net infiltration
was 67 cm. Soil samples were collected after each leaching and tested for ECe. Average
soil zone ECe values were compared to the pre-leaching conditions for various depths of
net leaching water that percolated through each soil zone.
A salt reduction/equivalent leaching depth relationship was developed from the data
(refer to the subsequent table and figure). An equivalent leaching depth was defined as
the depth of net leaching water that percolated through a soil zone, divided by the depth
of a soil zone (each having the same units). The depth of irrigation water applied for
leaching must be greater than the leaching water because some of the applied water goes
to soil moisture storage and evapotranspiration during reclamation.
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Approximate salinity reductions for various equivalent leaching depths
using multiple lines of low-flow drip tape (silt loam).

Equivalent leaching
depth
0.2
0.4
0.6
0.8
1.0

Approximate fraction
of original salt concentration
0.80
to
0.60
0.57
to
0.38
0.43
to
0.28
0.36
to
0.23
0.30
to
0.20

Fraction of original salt concentration

1.00
ITRC (2003), silt loam with intermittent
ponding

0.90

Approximate clay loam with continuous
ponding (Hoffman, 1986)

0.80
0.70

Approximate sandy loam with continuous
ponding or intermittent ponding (Hoffman,
1986)

0.60
0.50
0.40
0.30
0.20
0.10
0.00
0.00

0.50

1.00

1.50

2.00

Equivalent depth leaching water

Salt reduction/equivalent leaching depth relationship (modified).

The salt reduction/leaching depth relationship was similar to that found by Hoffman
(1986). However, the relatively high application rate (51 mm hr-1) in this experiment
caused surface water ponding. Therefore, it is reasonable to find the curve for silt loam
between the clay loam with continuous ponding and the intermittent ponding curves
developed by Hoffman (1986). If the emitters had lower discharge rates, we hypothesize
that the efficiency of salt removal would have been greater.
The practice of reclamation leaching using multiple, closely spaced drip tapes allows
water to be applied directly to the areas of salt accumulation as opposed to applying
water to the entire field. We were successful in leaching salts from a selective area using
this technique. Using multiple lines of drip tape provides an opportunity for substantial
water savings during reclamation leaching.
We conclude that because deep percolation with a conventional drip system still leaves
substantial amounts of salt in the soil along the tree row and multiple lines of drip tape
can be placed where there is salinity accumulation, occasional reclamation leaching will
be more effective and more efficient than annual maintenance leaching using a standard
drip irrigation system.
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In summary, there was salt accumulation along the tree rows of many orchards irrigated
with drip/micro irrigation systems. Salinity build-up becomes particularly important
when trees are removed and the field is replanted. The most effective and efficient
reclamation leaching practices for tree crops irrigated with drip/micro include:
i. Apply leaching water only to the areas with salt accumulation – typically
along the tree row for orchards with drip irrigation systems
ii. Use low application rates for maximum effectiveness of salt removal
iii. Multiple lines of low-flow drip tape can be used to achieve (i) and (ii)
iv. Consider the point of diminishing return for reclamation leaching: we
found quantities of leaching water greater than 0.8 equivalent depths result
in insignificant salt reduction (for a typical silt loam soil using intermittent
leaching)
v.
Use intermittent applications of reclamation leaching water, which
minimize the effects of bypass flow
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INTRODUCTION
Overview of the Experiment
The Irrigation Training and Research Center (ITRC) of Cal Poly State University
conducted a leaching experiment during the winter of 2002-2003 to quantify the leaching
water required to leach salts from the effective root zone of trees. The objectives of the
study were to determine the salt concentrations and patterns of salinity build-up on trees
with drip or micro-irrigation, and then to provide a solution that predicts the quantity of
water required to effectively, yet efficiently leach salts from the crop root zone.

Figure 1. Leaching experiment location in a pistachio orchard on the west
side of the San Joaquin Valley, CA.

In a pistachio orchard, soil samples were collected to identify the existing salt
concentrations and salinity patterns across the tree rows. The soil samples were tested for
ECe.
Next, the leaching hardware was set up in the pistachio orchard. Six lines of low flow
drip tape (15 l hr-1 per 100 m), placed along the tree row (three lines on each side of the
tree row, covering a total width of 1.5 meters) with one emitter per 929 cm2, applied
leaching water to the soil area that contained salt accumulation.
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Figure 2. Drip tape used to apply leaching water.

Soil samples were collected after each leaching event (a total of four times), and then
tested in the lab for salt content. In addition, an “EM38” device was used to take
electromagnetic conductivity measurements of the soil after each leaching.
The data were compiled and analyzed to develop a mathematical relationship between the
equivalent depth of leaching water that percolated through a soil zone and the reduction
in salt content of that soil zone.

Crop Description
Pistachios are a relatively hardy crop. Pistachios are unique in that the trees have a high
potential water use, yet pistachio yields are not greatly influenced by some water stress.
Pistachios have a mid season crop coefficient (Kc mid; grass reference) of about 1.10, as
reported in FAO Irrigation and Drainage Paper 56, and 1.19 as reported by Goldhamer et
al. (1985; cited in Goldhamer, 1996).
Forty percent of the total available soil water (TAW) can be depleted from the root zone
before moisture stress (reduction in ET) occurs (FAO Irrigation and Drainage Paper 56).
Experiments show that pistachios are extremely drought tolerant, but sustained water
deprivation (irrigating at various percentages of potential ETc over the season) results in
decreased productivity. In an experiment by Goldhamer et al. (1998; cited in Goldhamer,
1996), the magnitude of yield loss was directly related to the degree of sustained deficit
irrigation.
Pistachio trees are also alternate bearing. That is, a mature pistachio orchard may
produce 5600 kg/ha one year, 1100 kg/ha the next year, and then 5600 kg/ha the
following year.
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The Effects of Salt Accumulation
Since soil water salt concentration increases as the soil water content decreases, soil
salinity is normally measured and expressed based on the electrical conductivity of the
saturation extract of the soil (ECe). The ECe is defined as the electrical conductivity of
the soil water solution after a sufficient quantity of distilled water has been added to bring
the soil water content to saturation. ECe is typically expressed in deciSiemens per meter
(dS m-1) (FAO Irrigation and Drainage Paper 56). Because this is a single measurement
of total salinity, it does not provide information about the various constituents of salt in
the sample.
Under optimum management conditions, crop yields remain at potential levels until a
specific threshold electrical conductivity of the soil water solution is reached. When
salinity increases beyond this threshold, crop yields are presumed to decrease linearly in
proportion to the increase in salinity (FAO Irrigation and Drainage Paper 56). Sepaskhah
et al. (1985) reported a threshold ECe value for pistachios of 6.5 dS m-1. In a similar
study, Sepaskhah and Maftoun (1988) found the average root zone ECe for a 50%
reduction in shoot growth was between 7.9 and 10 dS m-1 depending on the seedling
source.
Salinity build-up becomes particularly important when trees are removed and the field is
replanted. When replanted (with new trees or possibly with a less salt tolerant crop), the
salt that has accumulated in the soil may inhibit crop growth and reduce tree vigor.
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MATERIALS AND METHODS
Site Location
The leaching experiment was conducted in a pistachio orchard on the west side of the San
Joaquin Valley, California. The field, owned by Gary Robinson, was 63 ha in size and
located within the Westlands Water District service area. In 1982, the pistachio trees
were planted on diamond-type spacing: row spacing of 5.8 m and tree spacing of 6.7 m.

N

Experiment
Location

Figure 3. General location of the leaching experiment.
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N

Lassen Ave.

Jayne Ave.

Leaching
#Experiment Location

Figure 4. Aerial photo showing the location of the leaching experiment.

Site Conditions
The soil where the experiment was conducted has been classified by the Natural
Resource Conservation Service (NRCS, United States Department of Agriculture) as
being a Westhaven series. The Westhaven series consists of very deep soils that formed
in stratified mixed alluvium weathered from sedimentary and/or igneous rock and
deposited on alluvial fans and flood plains. These soils are well drained, have low runoff,
and moderately slow permeability. The slope is 0 to 5 percent. Electrical conductivity is
0 to 4.0 dS m-1 (NRCS).
Movement of carbonates, fertilizer and salt through the soil profile has created more
pronounced cambric horizons because of the application of irrigation water.
The soil in the study area was relatively uniform, with silt-loam being the most
predominant texture. The available water holding capacity of the soil was approximately
19 cm of water per meter of soil.
This region of the San Joaquin Valley has a semi-arid climate. According to the NRCS,
the mean annual temperature at the site is about 18 degrees Celsius. The average annual
precipitation has been approximately 22 cm since 1985. This value was calculated by
considering CIMIS (California Irrigation Management Information System) data from
1982 to 2003, recorded at station #2 (Five Points) and station #15 (Stratford).
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Irrigation History Prior to the Leaching Study
The pistachio trees were irrigated with a drip irrigation system having the following
characteristics:
 Drip irrigation system was installed in 1982 when the trees were planted
 Torturous path emitters with a nominal emitter flow rate of 1.9 liters hr-1
 Emitter spacing of 1.7 m (8 emitters per tree total)
 Two drip hoses per tree row

Figure 5. Drip irrigation on pistachio trees at the leaching experiment site
prior to the leaching study.

Ever since the trees were planted in 1982, UN-32 fertilizer was applied to the field
through the drip irrigation system once or twice per month during the peak growing
season, for a total of six to eight applications per year. During each application,
approximately 22 kg ha-1 was applied.
Two water sources supplied irrigation water:
 Surface water – water from Westlands Water District with a historical
weighted average ECw of 0.45 dS m-1.
 Groundwater – the water’s measured electrical conductivity was 1.23 dS m-1.
The percentage of water supplied by the surface supply and groundwater supply,
respectively, has varied each year (see Table 2). Included in the annual irrigation totals
in Table 2 are the following winter irrigations (pre-irrigations) applied during the
dormant season:
 1992: 24 cm
 1994: 26 cm
 1995: 21 cm
 1996: 27 cm
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Table 1. Annual irrigation history for the pistachio field where the leaching
experiment was conducted.
Surface
Irrigation
Water

Well Irrigation
Water

(cm)

(cm)

(cm)

(dS m-1)

(dS m-1)

2002

6.1
5.8
17.1
18.0
18.3
23.5
32.0
43.6
38.4
42.7
64.0
43.0
56.4
89.0
96.0
83.2
79.2
11.6
19.8
7.6
19.8

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
18.6
11.6
27.4
0.0
0.0
0.0
0.0
79.9
79.9
91.4
79.2

6.1
5.8
17.1
18.0
18.3
23.5
32.0
43.6
38.4
42.7
82.6
54.6
83.8
89.0
96.0
83.2
79.2
91.4
99.7
99.1
99.1

0.31
0.24
0.28
0.40
0.37
0.52
0.61
0.54
0.57
0.69
0.66
0.40
0.54
0.30
0.34
0.38
0.39
0.35
0.35
0.50
0.49

1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23

Total

815

388

1203

Year

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001

Annual Total
Average
Well Water
Irrigation Surface Water
Quality: ECw
Water
Quality: ECw

During the four years prior to the leaching study most of the irrigation water applied was
well water with an ECw of 1.23 dS m-1.
The average annual precipitation has been approximately 22 cm since 1985. This value
was calculated by considering CIMIS (California Irrigation Management Information
System) precipitation data recorded at station #2 (Five Points) and station #15 (Stratford).

Soil Sample Collection
A direct-push type, hydraulically powered soil sampler was used to collect soil cores.
The soil sampler was a model 9800E manufactured by Concord Environmental
Equipment, located in Hawley, MN. This machine included an engine used to power a
hydraulic cylinder, which was used in conjunction with a hydraulic percussion hammer to
force the sampling barrel into the soil.
Irrigation Training and Research Center
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Figure 6. Model 9800E soil sampler that was used to remove soil cores for
sampling.

The soil sampler was mounted on a trailer that had a hydraulically powered drive-wheel
mounted on the tongue. This allowed the soil sampler trailer to be easily maneuvered in
the field so that soil cores could be removed at precise, desired locations.
The soil sampler was used to remove relatively undisturbed cores of soil from the ground
into a 5.1 cm diameter clear plastic tube 1.2 m in length (two tubes were required to make
up a full 2.4 m core). To develop a grid for each vertical plane, seven 2.4 m deep soil
cores were removed. The seven cores were spaced 0.3 m apart, perpendicular to the two
drip irrigation hoses. To establish a consistent point of reference, each vertical plane
intersected a drip emitter on one of the two hoses.
Nine individual soil samples were collected from each 2.4 m core at increments of 0.3 m,
starting at the surface and ending at a depth of 2.4 m. Approximately 300 grams of soil
were collected per sample. Each soil sample was sealed in a plastic bag and labeled
according to the specific location where it was taken. Just prior to bagging, the
approximate soil moisture content for each soil sample was determined using the “feel
method” and recorded.
A total of 63 soil samples per vertical plane were taken perpendicular to the tree row.
The grid of samples taken at each location is illustrated below.
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Drip hose with vertical
plane of soil cores
intersecting an emitter

Drip hose with vertical plane of
soil cores between drip emitters

0.3 m
Ground Surface

2.4 m

0.3 m

1.8 m

Figure 7. Side view of a grid of 63 soil samples taken in a vertical plane.

Figure 8. Soil cores that were removed before applying leaching water.
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Laboratory Testing of the Soil Samples
Each soil sample was tested for salt content in a laboratory at the ITRC. The electric
conductivity of the soil extract from a saturated paste (ECe) was measured according to
the testing procedure summarized below:
 Soil was poured to halfway fill an eight-ounce cup. While stirring the soil,
distilled water was added until the soil was saturated. Stirring was sufficient
to break down any soil clods or lumps. Saturation was based on soil type, not
a specific volume of water. The cup was then sealed with a lid.
 The saturated soil samples sat sealed for at least 24 hours.
 A vacuum was used to extract the solution from the soil. A Buchner Funnel,
with #1 Whitman filter paper, was used to direct the extract into a small glass
jar. Three to four milliliters of extract were collected.
 One drop of 0.1% sodium hexaphosphate (Na(PO3)6) was added to the extract.
This kept any calcium carbonate in solution.
 The electrical conductivity of the extract solution was measured using a model
3200, digital readout conductivity instrument manufactured by YSI
incorporated (Yellow Springs, OH).
This instrument automatically
compensated for a 25 degree Celsius electrical conductivity reading.

EM38 Measurements
The EM38 instrument, manufactured by Geonics Ltd., Ontario, Canada, uses
electromagnetic induction as a noninvasive method to determine the electrical
conductivity of the soil. The EM38 can give an approximation of the average salt content
of some indeterminate volume of soil. The EM38 has two positions: horizontal and
vertical. The horizontal position is more sensitive to salinity near the surface (within
approximately 0.75 meters of the soil surface). The vertical position is more sensitive to
deeper salinity (within approximately 1.5 meters of the soil surface). An EM38 owned
by UC Davis was loaned to ITRC by Dr. Blaine Hanson.
Instrument readings are affected by soil moisture content. Accurate readings require
uniform soil moisture near field capacity throughout the root zone. Therefore, EM38
measurements were not taken until after the first leaching, when the upper portion of the
soil profile was at field capacity.
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Figure 9. Collecting an electrical conductivity measurement of the soil
using an EM38.

Using the conventional techniques described earlier to define salt concentration patterns
in a soil profile 1.8 m wide and 2.4 m deep required the retrieval of an intense grid of soil
samples. However, it was found that the EM38 could not be used as a substitute for
precise, manual soil sample collection in this case. Since the EM38 takes an average
electrical conductivity measurement, its values were too general to be used for tracing
salinity movement through individual, 0.3 m soil layers. EM38 readings changed only
slightly at different locations and after additional leaching had occurred. Therefore, no
EM38 measurement results are provided in this report.

Leaching Experiment Setup
The water requirement for leaching can be reduced by intermittent applications of ponded
water, particularly for fine-textured soils. With sprinkler irrigation, reclamation leaching
can occur under continuously unsaturated conditions if water application rates are
controlled so ponding does not occur (Oster et al., 1999). However, since this leaching
experiment tested a new idea of applying water to only 1/3 of the field area during
reclamation leaching, sprinklers were not used. Applying water to 1/3 of the field area
requires only approximately 1/3 the volume of leaching water. This is significant since
leaching requires a large depth of water.
In a field experiment conducted on a silty clay soil by Oster et al. (1972), the observed
order of leaching efficiency was as follows:
intermittent ponding > sprinkler > continuous ponding
For this reason, drip tape was used to apply leaching water in this experiment. The idea
was to achieve high leaching efficiency: intermittent leaching with continuously
Irrigation Training and Research Center
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unsaturated conditions on the soil surface. The practice of leaching using multiple lines
of drip tape allows water to be applied where there is salt accumulation along the tree
row, as opposed to putting water on the entire area of the field.
For this experiment, six lines of low-flow drip tape were placed along one row of trees
(30 trees total) and used to apply the leaching water. Three lines of drip tape were placed
on either side of the tree. The spacing between the drip lines was 0.3 m. The emitter
spacing was also 0.3 m along the tapes. The nominal flow of the drip tape was 2.7 liters
hr-1 per 100 meters. The actual average application rate during leaching was
approximately 51 mm hr-1.

Figure 10. Low flow drip tapes, spaced 0.30 m apart, used to apply the
leaching water.

The leaching water supply came from a Westlands Water District lateral. The water
flowed through a booster pump and media filter tanks to the end of a submain, which was
part of the farmer’s irrigation system. Water used for leaching during the experiment was
taken from the irrigation system submain.
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Figure 11. Leaching water source.

To ensure that the leaching water was clean, the water was filtered again using a
150-mesh screen filter. A 103 kPa pressure regulator was installed just upstream of the
screen filter so that the inlet pressure on the drip tape would not be excessive and the drip
tape flow rate would remain constant and predictable.

Figure 12. The leaching water passed through this screen filter before
entering the drip tape.

A 1.6 cm PMM Multi-Jet® magnetic drive flow meter was used to measure the quantity
of leaching water applied. The flow meter had an advertised accuracy of 98.5% to
101.5% for the normal flow rate range of 3.8 liters min-1 to 76 liters min-1 (Invensys
Metering Systems, Uniontown, PA). A typical flow through the meter during the
leaching water application was 13.6 liters min-1.
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®

Figure 13. PMM Multi-Jet flow meter used to measure the volume of
water applied to the leaching experiment area.

Applying Leaching Water
During a typical leaching event, water was applied for approximately 24 hours, turned off
for several days, and then turned back on for approximately 24 hours. The soil was
undisturbed for at least five days after the leaching water was applied before soil samples
were collected.

Figure 14. The first application of leaching water.

The soil surface was glossy and there was some ponding on the soil surface, but no
significant horizontal surface translocation of irrigation water was observed.
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Figure 15. Glossy soil surface – evidence of a saturated condition.

Figure 16. Ponding on the soil surface when the leaching water was turned
off at the end of the first set of the third leaching.
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RESULTS AND DISCUSSION
This section of the report contains several different categories of results, including:
1. Irrigation Water Quality
2. Collecting Samples Prior to Leaching
3. Collecting Soil Samples after Leaching
4. Leaching Water Movement and Destination
5. Average Electrical Conductivity Plots
6. Reclamation Leaching Water and Salinity Reduction
7. Maximum Efficiency – Leaching techniques
8. Maximum Efficiency – Point of Diminishing Return
9. Salinity Accumulation
10. Salt Balance
Irrigation Water Quality
Two water sources supplied irrigation water:
 Surface water – water from Westlands Water District with a historical
weighted average ECw of 0.45 dS m-1.
 Groundwater – the water’s measured electrical conductivity was 1.23 dS m-1.
Historical water quality data for the California Aqueduct was obtained from the
California Department of Water Resources. The historical weighted average ECw was
calculated for the two water sources (refer to Table 2).
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Table 2. Historical irrigation water quality for the field where the leaching
experiment was conducted.
Annual Total
Average
Well Water
Irrigation Surface Water
Quality: ECw
Water
Quality: ECw

Weighted
ECw

(dS m-1)
0.31
0.24
0.28
0.40
0.37
0.52
0.61
0.54
0.57
0.69
0.66
0.40
0.54
0.30
0.34
0.38
0.39
0.35
0.35
0.50
0.49

(dS m-1)
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23
1.23

(dS m-1)
0.31
0.24
0.28
0.40
0.37
0.52
0.61
0.54
0.57
0.69
0.79
0.57
0.77
0.30
0.34
0.38
0.39
1.12
1.05
1.17
1.08

0.45

1.23

0.70

Surface
Irrigation
Water

Well Irrigation
Water

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002

(cm)
6.1
5.8
17.1
18.0
18.3
23.5
32.0
43.6
38.4
42.7
64.0
43.0
56.4
89.0
96.0
83.2
79.2
11.6
19.8
7.6
19.8

(cm)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
18.6
11.6
27.4
0.0
0.0
0.0
0.0
79.9
79.9
91.4
79.2

(cm)
6.1
5.8
17.1
18.0
18.3
23.5
32.0
43.6
38.4
42.7
82.6
54.6
83.8
89.0
96.0
83.2
79.2
91.4
99.7
99.1
99.1

Total

815

388

1203

Year

Weighted
Average

Even though the weighted average ECw is 0.70 dS m-1, during the four years prior to the
leaching study most of the irrigation water applied was well water with ECw of
1.23 dS m-1.
The average annual precipitation has been approximately 22 cm since 1985. However,
several years in the 1990’s had rainfall amounts significantly greater than the average.
For example, during the calendar years of 1995 and 1998, 36 cm and 30 cm of
precipitation were recorded, respectively. These data were calculated by considering
CIMIS (California Irrigation Management Information System) precipitation data
recorded at station #2 (Five Points) and station #15 (Stratford).
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Collecting Samples Prior to Leaching
To establish a baseline of pre-leaching salt content and salt concentration patterns, soil
samples were collected in six different vertical planes along a single row of trees, before
leaching water was applied. Table 3 contains the initial weighted average ECe values for
each soil zone. The weighted average ECe values shown in Table 3 consider point
measurements across the area of consideration to the soil depth listed. These numbers
were calculated by considering four vertical planes, with 5 soil columns per plane.
Table 3. Pre-leaching weighted average ECe values for each soil zone.
Weighted
Average
ECe
(dS m-1)
4.89
5.17
5.16
4.96
4.77
4.67
4.62
4.69

Soil Zone
(m)
0 to 0.3
0 to 0.6
0 to 0.9
0 to 1.2
0 to 1.5
0 to 1.8
0 to 2.1
0 to 2.4

Certain locations within a specific soil profile had much higher salinity concentrations
than the average values shown in Table 3. For example, several point measurements had
ECe values greater than 10 dS m-1.
Figure 17 shows the general locations of the soil core rows that were taken prior to
leaching.

Tree Number

13

Filter
Station
Soil Sample
Vertical Planes

12

11

10

G

9

F

8

E

7

D

6

C

5

4

3

2

1

A

Figure 17. Layout of soil sample vertical plane locations prior to leaching –
locations A, C, F, and G were considered in ECe calculations.
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Collecting Soil Samples after Leaching
Soil samples were collected after each leaching. As done previously, a row of seven
2.4 m deep soil columns was removed in each vertical plane. Each vertical plane
intersected an emitter on one of the two drip irrigation hoses. Soil samples were
collected in six different vertical planes after each subsequent application of leaching
water.

Figure 18. Collecting soil samples after second application of leaching
water.
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Figure 19. Soil sample vertical plane groups that were collected during the
leaching study.
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Irrigation
Hoses

Figure 20. Three sets of soil cores between two trees: one set was collected
before leaching, one set was collected after the first application of leaching
water, and one set was collected after the second application of leaching
water.

Leaching Water Movement and Destination
The soil moisture content of each soil sample was approximated when the initial, preleaching soil samples were collected. This provided a reference of the average moisture
of each soil layer before leaching water was applied. In addition, water movement
through soil layers was examined by comparing the approximate soil moisture content of
each sample recorded after each leaching to the initial values.
The gross depth of leaching water applied to the area of consideration was calculated by
dividing the measured volume of water applied by the total area of the leaching study
(width of 1.8 m and length of 83.8 m). It was assumed that the water applied moved
vertically through the area of consideration (the five inner soil cores in a vertical plane),
which was 1.2 m wide (see Figure 21). That is, any lateral movement of leaching water
outside of the boundary originated from the outermost drip tapes.
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6 lines of drip tape spaced at 0.3 m
1.8 m
Water Depth = Measured Volume / (tape length * 1.8 m)

Water Depth

Ground Surface

Approximated
flow lines

2.4 m

1.2 m
Area of consideration
for analysis: 5 inner soil cores flow lines essentially vertical

Figure 21. Water movement through the area of consideration.

Evapotranspiration and precipitation were considered when calculating the net infiltration
of the water applied. The trees were dormant and there was no weed growth in the
salinity zone. It was assumed that the evaporation rate was equal to the grass reference
evapotranspiration because the soil surface was continually wet. The average daily
reference evapotranspiration (ETo) was calculated by considering CIMIS (California
Irrigation Management Information System) data recorded at station #2 (Five Points) and
station #15 (Stratford).
Table 4 contains the net infiltration during each leaching event and the cumulative net
infiltration. The third and fourth leaching applications were divided into two sets to
minimize surface runoff.
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Table 4. Summary of the dates when soil samples were collected and the
quantity of net infiltration.
Irrigation
Water
Applied

Date

January 9, 2003

Cumulative
Net
Infiltration

(cm)

(cm)

(cm)

(cm)

(cm)

9.6

-

-

9.6

9.6

January 14, 2003
January 17, 2003

Precipitation Evaporation
Net
Since Last Since Last
Infiltration
Leaching
Leaching

Soil samples collected after 1st leaching
9.3

January 23, 2003

0.6

0.5

9.4

19.0

Soil samples collected after 2nd leaching

January 24, 2003

13.4

0.0

0.4

13.0

32.0

January 29, 2003

12.7

0.0

0.5

12.2

44.2

February 6, 2003

Soil samples collected after 3rd leaching

February 7, 2003

13.0

0.0

1.4

11.6

55.8

February 19, 2003

11.2

1.7

2.1

10.8

66.6

February 27, 2003

Soil samples collected after 4th leaching

Net infiltration of the water applied = (depth of leaching water applied +
precipitation since last leaching) – (ETo since the last leaching)
To evaluate the reduction of the average salinity for a certain soil zone, the net leaching
water that percolated through that soil layer was considered. Specifically, the change in
soil moisture storage of a soil zone was subtracted from the net amount of water
infiltrated to find the net amount of leaching water that percolated through that soil zone.
Since the root zone was not at field capacity when leaching water was initially applied,
different depths of net leaching water percolated through each soil zone.
Net leaching water of a soil layer = (net infiltrated into that soil zone) –
(depth of water required to bring that soil zone to field capacity).
For each event, the soil moisture values recorded at the six vertical planes were averaged
according to the soil profile grid. That is, for a specific coordinate on the soil profile, six
values were averaged. These average soil moistures were plotted using the graphing
®
program Surfer 8.02.
The following graphs represent a soil profile (vertical plane) 1.8 m wide and 2.4 m deep.
The horizontal location labeled “0” is in-line with the tree row. The average spacing
between the drip hoses used for normal irrigation was approximately 0.9 m. Therefore,
in the subsequent figures, the drip irrigation hoses would be located at approximately
-0.45 m and 0.45 m, respectively.
After the fourth leaching, the entire 2.4 m soil profile was at field capacity. Therefore,
the soil moisture graph for the fourth leaching is not included.
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Profile of the Average Soil Moisture Content
after the First Leaching
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Figure 22. Profiles of the average soil moisture content.
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The plots of the soil moisture profiles indicate relatively uniform movement of leaching
water down through the soil layers. This is substantiated by two observations:
1. After the first leaching, the distance between soil moisture content contours
remains very similar – the levels of different soil moistures move down in the
soil profile uniformly.
2. The contours are relatively horizontal across the profile. This suggests that
there was minimal lateral movement of leaching water.
The plots also show some movement of water into lower soil layers before those above
were at “field capacity”.
After the fourth leaching (cumulative net infiltration = 66.6 cm), several soil cores were
removed between the tree rows to check the lateral movement of leaching water.
Leaching water had moved approximately 0.9 m beyond the leaching study boundary, on
each side.

Average Electrical Conductivity Plots
To compare the salinity concentration patterns in the soil profile after successive
®
applications of leaching water, the average ECe values were plotted in Surfer 8.02.
Only coordinates from the five inner soil cores in the soil profile were considered.
The average electrical conductivity plots have a similar format to the soil moisture
content plots. The profiles represent an area 1.2 m horizontally and a soil depth of 2.4 m.
The horizontal location labeled “0” is in-line with the tree row.
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Figure 23 a. Average ECe profiles with color scale (from 4 vertical planes).
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Figure 23 b. Average ECe profiles with gray scale (from 4 vertical planes).
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After the first leaching, the average ECe profile shows an area of high salinity
concentrated at approximately 0.6 m below the soil surface. The data suggest an increase
in average salinity from the initial condition. Although certain soil layers or point values
of salinity content may increase from the original average soil zone ECe, theoretically,
the average ECe for a soil zone should not increase.
Since a high-density grid of destructive soil samples was collected for six vertical planes,
the arithmetic means of many values within each plane were averaged to determine the
change in soil zone ECe and quantify the movement of salinity through soil profiles. The
disadvantage of this method is that each vertical plane had a different initial salinity
concentration pattern, as can be seen in the initial ECe profiles developed from six
different planes. Regardless, collecting many soil samples in six different vertical planes
helps to minimize the effects of varying initial salt concentrations.
In general, the plots of the average electrical conductivity throughout the soil profile
show that salt concentration throughout the 2.4 m deep soil profile decreases after each
leaching. The layer of low ECe values expands with successive leaching water
applications. In addition, pockets of high salt concentration, which were present initially,
dispersed and stratified layers of lower salinity concentrations developed down through
the profile.

Reclamation Leaching Water and Salinity Reduction
Three computational steps were taken to find a relationship between the quantity of
leaching water and the reduction in salinity:
1. Net leaching water through each soil zone
2. Weighted average salinity content of each soil zone
3. Relating the change in soil zone salinity content to the equivalent depth of
leaching water
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1. Net leaching water through each soil zone. After each leaching, the amount of net
leaching water that had percolated through a specific soil zone was determined.
As described previously, the net water infiltrated was found from the measured volume of
water applied, divided by the area of the leaching study, while accounting for evaporation
and precipitation. A width of 1.8 m was used to find the depth of leaching water
infiltrated. It was assumed that the leaching water moved vertically through soil zones
within the area of consideration. The net leaching water was calculated by considering
the net amount of water infiltrated and the change in soil moisture storage of a specific
soil zone, based on the initial soil moisture.

Table 5. Cumulative depth of net leaching water for each soil zone.

Cumulative depth of net leaching water through
each soil zone after each leaching event
Soil Zone

1st

2nd

3rd

4th

(m)

(cm)

(cm)

(cm)

(cm)

0 to 0.3

8.5

18.0

43.2

65.5

0 to 0.6

6.6

16.1

41.3

63.6

0 to 0.9

4.4

13.9

39.1

61.4

0 to 1.2

1.8

11.3

36.5

58.8

0 to 1.5

0.0

8.0

33.2

55.5

0 to 1.8

0.0

4.3

29.5

51.8

0 to 2.1

0.0

0.2

25.4

47.7

0 to 2.4

0.0

0.0

21.2

43.5

2. Weighted average salinity content of each soil zone. After each leaching, the new
weighted average salt content in each soil zone was calculated. Four of the six vertical
planes were chosen as the most representative of salinity concentration patterns. Only
ECe values from the five inner cores of each vertical plane were used. The following
procedure was used to calculate the weighted average ECe for each soil zone:
 Using values from the four vertical planes, the average ECe for each
coordinate in a vertical plane was calculated. This was a point average.
 At a specific soil depth, the average ECe value for the five inner samples at
that depth was determined. The boundary values (samples from the outermost
soil columns) were weighted by 0.5 and the inner values were weighted by
1.0. This resulted in the average salinity across an average soil zone with an
increment of 0.3 m.
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Finally, the weighted average ECe was calculated for each soil zone. The
boundary values were weighted by 0.5 and internal values were weighted by
1.0.

3. Relating the change in soil zone salinity content to the equivalent depth of leaching
water.
The fraction of the initial salt content remaining was defined as the new average soil zone
ECe divided by the initial average ECe for that soil zone.
Equivalent depth of leaching water was defined as the depth of net leaching water divided
by the depth of a soil zone (each having the same units). For example, one equivalent
depth of leaching water for a 1 m soil zone was 1 m of net leaching water that percolated
through that soil zone (because the change in soil moisture storage for that soil layer
must be considered, the net water infiltrated would be greater than 1 m). Water that was
stored in the soil zone was not net leaching water for that zone.

Figure 23 illustrates the relationship between equivalent depth of leaching water and the
fraction of original salt content for a soil zone. Included in Figure 24 are the approximate
curves for the same relationship developed by Hoffman (1986).
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Fraction of original salt concentration

1.20

1.00

ITRC (2003), silt loam with intermittent ponding

0.80

Approximate clay loam with continuous ponding (Hoffman,
1986)
Approximate sandy loam with continuous ponding or
intermittent ponding (Hoffman, 1986)

0.60

0.40

0.20

0.00
0.00

0.50

1.00

1.50

2.00

Equivalent depth leaching water

Figure 24. Relationship between the equivalent depth of leaching water and the fraction of initial salt content, considering five
inner soil cores.
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The salt reduction/equivalent leaching depth data points resulting from this experiment
generally lie between the continuous ponding clay loam curve and the intermittent
leaching curve (or the continuous ponding sandy loam curve) developed by Hoffman
(1986).
Our results show that to reduce the average soil ECe by 50% in a 1.2 m silt-loam textured
soil zone required approximately 54 cm of net leaching water (0.45 equivalent depths for
a 50% reduction in soil zone ECe).
As discussed previously, some of the soil zone ECe measurements after the first leaching
are higher than the initial values. This is shown in Figure 24 by points on the graph
where the fraction of original salt content is greater than 1.0. Theoretically, the fraction
of original salt content should not be greater than 1.0.
It appears as if the pre-leaching soil samples were not representative of the initial salinity
concentrations. This is supported by the values in Table 6.
Table 6. Comparison of the average soil zone ECe values prior to leaching
and after the first leaching.
Soil Zone
(m)
0 to 0.3
0 to 0.6
0 to 0.9
0 to 1.2
0 to 1.5
0 to 1.8
0 to 2.1
0 to 2.4

Weighted Average Weighted Average
ECe Before
ECe after 1st
Leaching
Leaching
(dS m-1)
(dS m-1)
4.89
4.50
5.17
5.48
5.16
6.08
4.96
5.98
4.77
5.47
4.67
4.95
4.62
4.60
4.69
4.41

Only the soil zones from 0 to 0.3 m and 0 to 0.6 m received significant net leaching water
during the first leaching, 0.28 and 0.11 equivalent depths, respectively. In fact, soil
depths greater than 1.3 m received essentially no net leaching water. Therefore, we
hypothesize that our initial average ECe benchmarks were too low.
Consequently, based on the theory that no average soil zone ECe should increase above
the original average soil zone ECe, the initial ECe values were increased by 20%. The
modified average ECe values are contained in Table 7.
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Table 7. Modified initial average ECe values (increased by 20%).
Soil Zone
(m)
0 to 0.3
0 to 0.6
0 to 0.9
0 to 1.2
0 to 1.5
0 to 1.8
0 to 2.1
0 to 2.4

Modified
Average ECe
Before Leaching
(dS m-1)
5.87
6.20
6.19
5.96
5.72
5.60
5.55
5.63

Using the modified initial average ECe values in Table 7 as a benchmark, the reductions
in salinity concentrations for various equivalent leaching depths were recalculated. These
results are shown in the salt reduction/equivalent leaching depth curve in Figure 25.
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1.00

0.90

ITRC (2003), silt loam with intermittent ponding

Fraction of original salt concentration

0.80

Approximate clay loam with continuous ponding
(Hoffman, 1986)

0.70

0.60

Approximate sandy loam with continuous ponding or
intermittent ponding (Hoffman, 1986)

0.50

0.40

0.30

0.20
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0.00
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1.50
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Figure 25. Modified relationship between the equivalent depth of leaching water and the fraction of initial salt content,
considering five inner soil cores (20% increase in the pre-leaching average soil zone ECe values).
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Based on Figure 24 and Figure 25, the approximate reductions in average soil zone ECe
values for a range of leaching equivalent depths are shown in Table 8.
Table 8. Approximate salinity reductions for various leaching equivalent
depths (silt loam).

Equivalent leaching
depth
0.2
0.4
0.6
0.8
1.0

Approximate fraction
of original salt concentration
0.80
to
0.60
0.57
to
0.38
0.43
to
0.28
0.36
to
0.23
0.30
to
0.20

Maximum Efficiency – Leaching techniques
In a field experiment conducted on a silty clay soil by Oster et al. (1972), the observed
order of leaching efficiency was as follows:
intermittent ponding > sprinkler > continuous ponding
Even though our experiment used low-flow drip tape and intermittent applications, the
relatively high application rate (51 mm hr-1) caused surface water ponding, meaning that
the time-averaged water content within the depth wetted by drip irrigation was higher
than under intermittent ponding. This counteracts the effects of reduced bypass flow and
increased water content. Since there was some ponding in this experiment, it is
reasonable to find the curve for silt loam between clay loam with continuous ponding and
the intermittent ponding curves developed by Hoffman (1986).
If the emitters had lower discharge rates, we hypothesize that the efficiency of salt
removal would have been greater.
Low application rates and intermittent leaching applications minimize the effects of
bypass flow and allow the time required for salt diffusion and chemical reactions to
occur.
Maximum Efficiency – Point of Diminishing Return
The salt reduction/equivalent leaching depth curve illustrates that as more leaching water
is applied, the amount of salt removed per unit depth of leaching water decreases.
Specifically, there is a point of diminishing return – a point beyond which the application
of additional resources (leaching water) yields less than potential increases in output (salt
reduction).
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In this case, the slope of a line tangent to the salt reduction/leaching curve represents the
fraction of salt removed per unit depth of leaching water. Table 9 contains the relative
leaching efficiencies for various equivalent depths of leaching water applied, derived
from the slopes of tangent lines for a range of equivalent depths.
Table 9. Relative leaching efficiencies for various equivalent depths of
leaching water.
Relative
Leaching
Efficiency
100%
38%
21%
14%
10%
8%
6%
5%
4%
4%

Equivalent
Depth
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

The values in Table 9 suggest that for maximum effectiveness, leaching water of no more
than approximately 0.8 equivalent depths should be applied – quantities greater than 0.8
equivalent depths result in insignificant salt reduction.
Salinity Accumulation

Soil Depth (m)

Two separate soil profiles, each spanning two rows of trees, were also taken in the field
during the summer of 2002 before leaching began. These profiles showed high salinity
concentrations along the tree rows in a 1.5 m root zone.
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Figure 26. Soil salinity concentration profile prior to leaching.
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The average ECe before the trees were planted was approximately 1.12 dS m-1. This is
illustrated in Figure 26 by the area between the tree rows down to a depth of
approximately 1 m, which has been unaffected by drip irrigation.
The average pre-leaching ECe across the entire profile (5.8 m) to a soil depth of 1.5 m
was 3.60 dS m-1. Since the trees were planted, the average root zone ECe has increased
from 1.1 dS m-1 to 3.6 dS m-1. Likewise, average root zone ECe along the tree row has
increased from 1.1 dS m-1 to approximately 5.7 dS m-1.
Salt Balance
The average annual irrigation water applied (since the trees have matured) plus average
annual precipitation is approximately 109 cm yr-1.
The average annual crop
evapotranspiration is roughly 91 cm to 117 cm. These averages do not consider
occasional poor timing, when more water is applied than can be stored in the root zone or
periods when the crop is stressed. In addition, several years during the 1990’s had
rainfall totals considerably higher than the average.
A salt balance was computed to compare the salt remaining in the soil profile to the
amount of salt applied through irrigation water since the trees were planted. The results
of this salt balance showed that approximately 1/3 of the salt applied through irrigation
water remained in the 1.5 m deep root zone profile before leaching. This indicates that
approximately 2/3 of the salt had been leached prior to the experiment.
In addition, soil moisture contents 2.4 m deep near the tree rows where higher than those
between the tree rows, which also suggests that leaching had occurred.
The average historical water quality of 0.70 dS m-1 was used in the subsequent equation
to calculate expected ECe values for various leaching fractions. The results are shown in
Table 10.

Leaching Requirement 

ECW
 5 x ECe   ECW

Table 10. Expected soil zone ECe values for various leaching fractions.

Leaching Fraction
2%
4%
6%
8%
10%

Irrigation Training and Research Center

Expected ECe
7.14
3.64
2.47
1.89
1.54
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The average root zone ECe (1.5 m deep) in the orchard was 3.60 dS m-1. Table 10
indicates that a root zone ECe of 3.60 dS m-1 would result from a leaching fraction of
only 4% - a relatively low leaching fraction. However, it is hypothesized that there was
historically more than 4% leaching (deep percolation through the 1.5 m root zone). For
example, Table 10 shows that a leaching fraction of 8% would result in an expected ECe
of approximately 1.89 dS m-1.
Data from this study suggest the actual leaching fraction since the trees have been planted
has been greater than 4%, yet is the average root zone ECe 3.60 dS m-1. The leaching
fraction equation assumes uniform horizontal distribution of salt across the field.
However, our results show that there is not uniform horizontal distribution of salinity, but
areas of high salinity concentration near the edges of the wetted area along tree rows.
In summary, leaching with a standard drip system is not as effective as leaching with
sprinklers or furrows because the edges of the wetted area are not leached, but instead
accumulate salt. We observed that deep percolation through the root zone from a
standard drip irrigation system still leaves significant salt in the soil along the tree row.
Even though the exact amounts of water that deep percolated through the soil zone over
time prior to the leaching experiment are not known, this experiment revealed the
following facts:






There was a significant amount of salinity build-up on the edges of the wetted
areas along tree rows prior to reclamation leaching.
Some of the salt that was applied through the irrigation water had been
leached out of the 2.4 m soil zone before the leaching experiment.
Leaching with a standard drip system is not as effective as leaching with
sprinklers or furrows because the edges of the wetted area are not leached, but
instead accumulate salt.
Reclamation leaching with multiple lines of drip tape on tree crops with
salinity accumulation along the tree rows uses significantly less water than
applying water to the entire area using sprinklers or furrows.
The depth of irrigation water applied for leaching must be greater than the
leaching water, because some of the applied water goes to:
- Soil moisture storage (raising the soil to field capacity)
- ET during reclamation
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CONCLUSIONS
Leaching can reclaim salt build-up that would cause poor crop health and reduced plant
vigor, especially when a new crop is planted. In this experiment, multiple lines of lowflow drip tape were used to effectively remove salinity accumulation along a row of
pistachio trees, while minimizing the quantity of leaching water required. Key points
from this leaching study include:
2. Leaching with a standard drip system is not as effective as leaching with
sprinklers or furrows because the edges of the wetted area are not leached, but
instead accumulate salt. We observed that deep percolation with drip still
leaves significant amounts of salt in the soil along the tree row.
3. The practice of reclamation leaching using multiple, closely spaced drip tapes
allows water to be applied directly to the areas of salt accumulation, as opposed to
applying water to the entire field. In this case, water was applied to 1/3 of the
field area, requiring only approximately 1/3 the amount of leaching water when
compared to conventional leaching techniques. This is significant since
reclamation leaching requires a large depth of water.
It is important to note that orchards have different salt concentration patterns
depending on the irrigation system, irrigation management, and soil type (ITRC,
2003). Multiple lines of drip tape will need to be placed where there is salinity
accumulation. In some cases, multiple lines of drip tape will need to be placed
over more than 1/3 the area. Even so, there remains an opportunity for significant
water savings using multiple lines of drip tape as compared to sprinkler or surface
leaching methods.
4. Combining (1) and (2) indicates that occasional reclamation leaching will be more
effective and more efficient than annual maintenance leaching using a standard
drip irrigation system.
5. There is a relationship between the equivalent depth of leaching water and the
fraction of initial salt concentration that remains. The results from this
experiment on a silt loam soil are summarized in Table 11.
Table 11. Approximate salinity reductions for various equivalent leaching
depths (silt loam).

Equivalent leaching
depth
0.2
0.4
0.6
0.8
1.0
Irrigation Training and Research Center

Approximate fraction
of original salt concentration
0.80
to
0.60
0.57
to
0.38
0.43
to
0.28
0.36
to
0.23
0.30
to
0.20
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6. The salt reduction/leaching depth relationship was similar to that found by
Hoffman (1986). However, the relatively high application rate (51 mm hr-1) in
this experiment caused surface water ponding. Therefore, it is reasonable to find
the curve for silt loam between clay loam with continuous ponding and the
intermittent ponding curves developed by Hoffman (1986). If the emitters had
lower discharge rates, we hypothesize that the efficiency of salt removal would
have been greater.
In summary, there was salt accumulation along the tree rows of many orchards irrigated
with drip/micro irrigation systems. Salinity build-up becomes particularly important
when trees are removed and the field is replanted. The most effective and efficient
reclamation leaching practices for tree crops irrigated with drip/micro include:
i. Apply leaching water only to the areas with salt accumulation – typically
along the tree row with drip
ii. Use low application rates for maximum effectiveness of salt removal
iii. Multiple lines of low-flow drip tape can be used to achieve (i) and (ii)
iv. Consider the point of diminishing return for reclamation leaching: we
found quantities of leaching water greater than 0.8 equivalent depths result
in insignificant salt reduction (for a typical silt loam soil using intermittent
leaching)
v.
Use intermittent applications of leaching water, which minimize the
effects of bypass flow
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